Introduction
Development of methods and equipments is one of the driving forces of progress of any science. Over the past two decades stable isotope analysis (SIA) has become an important technique in ecology. Stable isotopes of elements occurring in nature often form spatial and temporal patterns in their distributions in inorganic materials which are transferred to living organisms and so can be used to track their migrations. For instance, isotopic analysis of fish otoliths could be used to document migration patterns of fish species encountering coastal marine, estuarine, river, and lake environments throughout its life cycle (Hobson, 1999) . The molecular isotopic signature of environmental contaminants can allocate a contamination to a specific source in order to allow appropriate means of risk reduction and/or to identify responsible parties in litigation (Schmidt et al., 2004) . Many stable isotopes, including those of metals, sulfur ( 34 S) and deuterium can be used for above studies.
autochthonous (terrestrial) versus allochthonous
sources of organic carbon into aquatic food webs (e.g., Canuel et al., 1995; Cole et al., 2002) .
The aim of the present review is to regard the stable isotope analyses of food webs in aquatic ecosystems with emphasis on fresh waters.
Methods
For the analysis of bulk carbon and nitrogen isotopes in whole animals and tissues or in particulate organic matter, samples were combusted in a muffle furnace, and the resulting N 2 and CO 2 gases were analyzed by mass spectrometry (e.g., Fantle et al., 1999) . Recently due to the progress of commercial instruments samples can be analyzed with a continuous flow isotope ratio mass spectrometer (CF-IRMS) directly coupled to an elemental analyzer (EA) and autosampler (e.g., Beaudoin et al., 1999) .
The carbon isotope composition of individual compounds, such as amino acids or fatty acids was measured routing the effluent from a gas chromatograph through a combustion interface to an isotope ratio mass spectrometer (GC/C-IRMS) (Fantle et al., 1999; Schmidt et al., 2004; Pond et al., 2006; Budge et al., 2008) . This limits the application range of SIA to compounds that are sufficiently volatile and thermally stable to be separated by GC. Non-volatile compounds of interest need to be derivatized prior to isotopic analysis (Schmidt et al., 2004) .
Stable isotope data in all the works, cited in this review, were presented as the relative difference between ratios of heavy-to-light stable isotopes of a sample and a standard. A differential notation known as the delta (δ) notation is used to express these relative differences:
δR( ‰) = [R sample /R standard -1] × 10 3
(1)
where R = 13 C/ 12 C or 15 N/ 14 N; δR = δ 13 C or 15 N is the per mil, i.e., per thousand ( ‰) deviation of that sample from the conventional international isotope standard, Vienna PeeDee Belemnite (PDB) limestone for δ 13 C and atmospheric N 2 for δ 15 N. Therefore, when a sample contains a higher content of the heavier form of isotope (either 13 C or 15 N) than that of the corresponding standard, the δ exhibits a positive value; the converse case yields a negative value. The PDB standard, a fossil calcium carbonate that has a 13 C content nearly identical to that of HCO 3 in the ocean (Wada, 2009) , was used in all the works, cited in this review, except the early work of Fry (1988) who used Canyon Diablo Troilite.
Thus, rather than absolute values, the relative ratios are reported to allow a correction for mass-discriminating effects in a single instrument and to facilitate the comparison of published IRMS data. Only such relative isotope ratios can be determined with the required precision (Schmidt et al., 2004) . The analytical precision of replicate isotopic analyses typically is from about ±0.1 ‰ to ±0.3 ‰ (e.g., Fry, 1988; Peterson et al., 1993; Canuel et al., 1995) .
Laboratory working standards can be pure tank gases or some biological materials (e.g., peach leaves, bovine liver, etc.), calibrated against standard reference materials usually produced by International Atomic Energy Agency (IAEA), such as IAEA-N1, glutamic acid and others (Fry, 1988; Persaud et al., 2009; Ventura and Jeppesen, 2009) . Laboratory standards should be analyzed every dozen samples (Ventura and filtration and preserved by 1 mL of saturated HgCl 2 solution per 30-mL sample bottle (Gu et al., 2006) .
Seston or particulate organic matter (POM) were pre-screened with 53 -200-μm net and then filtered onto precombusted (4 h, 500°C) glass-fiber filters (usually 0.45 μm), which may be then frozen or dried at 50°C and stored (Fry, 1988; Canuel et al., 1995; Keough et al., 1996; O'Reilly et al., 2002) . Many studies assume that algal biomass make up most of the POM pool and use the δ 13 C of POM as a proxy for algal δ 13 C, but this approach is problematic in turbid systems where allochthonous matter dominates the POM pool ( Van den Meersche et al., 2009) . Thereby, some special approaches were used to obtain isotope signatures of POM components such as microalgae and bacteria.
For instance, algae from laboratory cultures were incubated during a week in situ in regenerated cellulose dialysis tubing and then were filtered onto glass-fiber filters for isotopic analysis (Barnard et al., 2006) . Isotopic signals for pelagic bacteria were also obtained from in situ growth experiments in dialysis cultures (Cole et al., 2006) . Besides, isotope ratios of algae and bacteria were estimated through SIA of taxon-specific biomarkers, fatty acids of polar lipids (PLFA) as follows (Van den Meersche et al., 2009) . Relative concentrations as weights of branched PLFA, specific for bacteria, and polyunsaturated PLFA, specific for microalgae and their weighted average δ 13 C were measured.
The isotopic composition of the total algal or bacterial pool was estimated by weighting the δ 13 C values of the taxon-specific fatty acids with their respective concentrations.
Periphytic (epilithic) microalgae were scraped from the substrate using a brush, washed into a small volume of water and filtered through precombusted glass fiber filters (Mulholland et al., 2000) , like seston.
In studies of planktonic and benthic invertebrates, samples are usually prepared from whole organisms, because the organisms are simply too small for a specific tissue to be isolated (Fry, 1988; Lancaster and Waldron, 2001) . In some studies of comparatively large benthic mussels Anodonta, when different tissues were separated, no significant difference was found between foot and mantle tissue δ 13 C values (Perga et al., 2006) .
In most cases organisms were held in laboratory in filtered lake or river water for 2 -24 h (usually overnight) ore more to allow gut clearance prior to further processing (Beaudoin et al., 1999; Mulholland et al., 2000; O'Reilly et al., 2002; Matthews and Mazumder, 2003; Vuorio et al., 2007; Syväranta et al., 2008; Persaud et al., 2009 ).
Instead of the holding in filtered water, guts and their contents may be removed from frozen and thawed insect larvae (Lancaster et al., 2005 
‰).
Therefore, the authors concluded that the gut content evacuation should be ensured whenever possible (Mateo et al., 2008) . In contrast, other authors suggested that allowing zooplankton to evacuate their guts before analysis had little effect on the stable isotope composition of zooplankton (Smyntek et al., 2007) .
After the gut clearance zooplankton usually are collected on 0.45-µm glass-fiber filters (e.g., O'Reilly et al., 2002) , and individuals of zoobenthos are picked out by forceps (e.g., Grey et al., 2004 usually are entire fish (Cole et al., 2002) . For large fish filets of white muscle tissue are dissected (Fry, 1988; Cole et al., 2002) . Bodies of individuals too small to be filleted are analyzed after removal of head, tail and viscera (Keough et al., 1996; O'Reilly et al., 2002) .
The samples of POM, invertebrates and fish are oven dried (50-60 o C for 24-72 h) and homogenized, e.g., ground with a mortar and pestle (Keough et al., 1996; Beaudoin et al., 1999; O'Reilly et al., 2002; Grey et al., 2004; Lancaster et al., 2005; Persaud et al., 2009 ).
In some studies (e.g., Kanaya et al., 2009; Persaud et al., 2009 ) samples before drying were acidified with dilute HCl, 1 M for benthic invertebrates (Beaudoin et al., 1999) or 0.01 M for zooplankton (O'Reilly et al., 2002) , to remove the possible traces of carbonates from the exoskeletons and then rinsed with distilled or deionized water. Nevertheless, some researchers did not use the acid treatment (e.g., Keough et al., 1996) . Mateo et al. (2008) analyzed literature data on about 1 500 entries of acid washing prior to analysis of samples of marine invertebrates.
They concluded that acidifying whole individuals would probably introduce more error due to the removal of dietary C fractions from the soft tissues than that due to leaving small amounts of carbonate in the sample. Distilled water rinsing of acidified samples also showed a weak overall effect (Mateo et al., 2008) .
Because lipids may be depleted in 13 C (see below) and thereby affect ecological interpretations, some researchers advocate routine soft lipid extraction prior to SIA by washing in non-polar solvents like hexane or 1:1 methanol:chloroform (Beaudoin et al., 1999; Mateo et al., 2008) . For instance, after removing the lipid isotopic influence, the average δ 13 C enrichment was +1.4 ‰ for Cyclops, +1.5 ‰ for
Daphnia and +0.8 ‰ for Diaptomus (Ventura and Catalan, 2008 (Wada, 2009) . Therefore, during C uptake, photosynthetic organisms preferentially assimilate light isotopes, 12 C, and discriminate against heavy isotopes, 13 C (e.g., Finlay et al., 1999 , Finlay, 2001 Gu et al., 2006) . Also 12 C is preferentially respired during respiration (Pond et al., 2006 (Finlay, 2001 (Finlay, , 2004 Cole et al., 2002 (Peterson and Fry, 1987; Fantle et al., 1999; Ventura and Catalan, 2008 (Syväranta et al., 2008 ).
All the above peculiarities of the isotopic signatures give a good opportunity to trace flows of organic matter in trophic webs and to measure a trophic position of organism.
Trophic enrichment
The trophic fractionation, i.e., difference between δ 13 C or δ 15 N of consumer's tissues and those of its diet is generally referred to as enrichment, denoted by the symbol ∆ (Fry, 1988; Vanderklift and Ponsard, 2003) . In general, the stable carbon isotope enrichment of consumers relative to their food, ∆δ 13 C, is lower ~1 ‰, while ∆δ 15 N is significantly higher, ~3 ‰, because organisms preferentially excrete the lighter nitrogen isotope (Fry, 1988; Peterson et al., 1993; Beaudoin et al., 1999; Lancaster and Waldron, 2001; Vander Zanden and Rasmussen, 2001; Syväranta et al., 2008; Ventura and Catalan, 2008) . Thus, the carbon isotopic ratios of organisms (δ 13 C) due to 
Isotope ratio differences between taxa and life forms
Among three groups of aquatic producers, macrophytes had comparatively high δ 13 C values, which ranged in the reviewed literature from −29.2 ‰ (reed Phragmatis australis) to -10.1 ‰ (charophytes Najas marina) (Piola et al., 2008) .
Carbon isotope signatures of phytoplankton ranged from −32.6 ‰ (Keough et al., 1996) to −15.8 ‰ (Gu et al., 2006) . The lowest δ 13 C value, −44 ‰, were reported for phytobenthos, namely for epilithic microalgae (Finlay, 2004) , although the upper value for this group was −12.9 ‰ (Piola et al., 2008) . The above general tendency was explicit also in specific habitats. For instance, wetland phytoplankton were depleted in 13 C relative to aquatic plants (Keough et al., 1996) , and benthic algae (δ 13 C = −17.6 ± 0.3 ‰) in a salt marsh were depleted compare to macrophytes, smooth cordgrass Spartina alterniflora (δ 13 C = −13.9 ± 0.8 ‰) (Fantle et al., 1999) .
In the reviewed literature nitrogen isotope ratios (δ 15 N) of macrophytes varied from −11.2 ‰ for charophytes Najas marina (Piola et al., 2008) to 9.8 ‰ for emergent herbaceous species (Keough et al., 1996) , while those of phytoplankton ranged from −0.6 ‰ (Keough et al., 1996) to 7.3 ‰ (Fantle et al., 1999) , and those of benthic algae varied from 1.2 ‰ (Lancaster et al., 2005) to 5.8 ‰ (Fantle et al., 1999 (Finlay, 2004) . Concerning life forms of macrophytes, Keough et al. (1996) Columbia there were found no significant amonglake differences in zooplankton δ 13 C but large and significant within-lake differences among zooplankton taxa (Matthews and Mazumder, 2003) . In most part of the lakes, studied by the above authors, the δ 13 C of calanoid copepods was lower than Daphnia or Holopedium, resulting in a mean difference (~2.0 ‰) that was significantly greater than zero. One of likely explanations for why calanoid copepods were depleted in 13 C relative to Daphnia or Holopedium is that lipids are isotopically lighter than other body constituents, and since copepods can store more lipids than other zooplankton taxa they may generally have lighter δ 13 C signatures (Matthews and Mazumder, 2003) . A substantial portion of the frequently observed differences in δ 13 C values between coexisting cladocerans and copepods may be explained by differences in fatty acid content (Smyntek et al., 2007) . In contrast, no significant differences of δ 13 C were found (Grey et al., 2004 ) to −11.7 ‰ (Borderelle et al., 2008) and at the minimum were significantly depleted compare to those of zooplankton. Ch. plumosus in six lakes in the U.K. and Germany was consistently depleted in 13 C relative to Chironomus anthracinus (Grey et al., 2004) . For marine macroinvertebrates (generalization of about 1 500 entries) the average δ 13 C value for all the considered was −18.7 ‰ (Mateo et al., 2008) . According to the review of above authors, the lowest average, −22.4 ‰, were reported for Maxillopoda and the highest average, −12.7 ‰, was found for chitons (Polyplacophora).
There was no taxon effect (insect larvae and mollusks) on the δ 13 C values in studied 11 French lakes, except Dreissena showed a significantly lower δ 13 C value than the other taxa in one lake (Borderelle et al., 2008) .
Literature data on the carbon isotope ratio for fish varied from to −34.4 ‰ for Esox lucius (Beaudoin et al., 1999) to −15.8 ‰ for marine
skates Raja (Fry, 1988) and thereby completely overlapped with those for zooplankton and partly with zoobenthos. No explicit data on taxonspecific patterns of fish δ 13 C were found in the reviewed literature.
Isotope ratio differences between habitats
The stable isotope composition of marine food webs tends to be more enriched for 13 C compared with freshwater biomes, especially concerning minimum values (Fig. 1) . Ranges of variations of δ 13 C in freshwater organisms seemed to be significantly wider, than those of marine organisms (Fig. 1) .
The above general tendency of an increase of δ 13 C from fresh to marine waters (Hobson, 1999 ) may be explicit in specific locations. For instance, the δ 13 C values of POM increased consistently along the freshwater-seawater continuum and were significantly correlated with salinity (Canuel et al., 1995) . Large differences in In general, inshore, benthically linked food webs are believed to be more enriched in 13 C compared with offshore, pelagic food webs (Hobson, 1999) .
Particulate matter in coastal waters often has higher δ 13 C signatures than in oceanic waters due to the inflow of allochthonous material such as land-derived matter while in shallow waters resuspension of benthic material such as detritus and macroalgal fragments increases the δ 13 C values (Gentsch et al., 2009 ).
Nevertheless, the above tendency was not confirmed in some freshwater system. In contrast, plankton, collected from Lake Superior, had δ 13 C between −29 and −23 ‰, while organisms from an adjacent wetland exhibited more depleted δ 13 C values between −32 and −27 ‰, and this difference roughly corresponded to the difference in DIC in the two habitats (Keough et al., 1996) . The cited authors supposed that decomposition and respiration processes in the streams and wetland would be expected to contribute inorganic carbon that is depleted in 13 C, while airborne CO 2 , (Fry, 1988; Canuel et al., 1995; Beaudoin et al., 1999; Fantle et al., 1999; Finlay, 2001; O'Reilly et al., 2002; Grey et al., 2004; Gu et al., 2006; Karlsson, 2007; Borderelle et al., 2008; Mateo et al., 2008; Nilsen et al., 2008; Kanaya et al., 2009 ). In lotic ecosystems δ 13 C DIC of cold spring streams (headwaters) were strongly depleted relative to river water (Finlay, 2001 ). Both epilithic algae and herbivore δ 13 C were enriched by an average of 5-8 ‰ in pools compared to riffles in productive rivers (Finlay et al., 1999) . Periphyton was more δ 13 C-enriched in unshaded than shaded streams (Lau et al., 2009) , probably because in unshaded areas a higher photosynthesis resulted in a limit of CO 2 and thus in a lower isotope fractionation.
The above differences in the isotope ratio values were related to different ecosystems, primarily inhabited by different species.
Nevertheless, the same species in different habitats also may differ in their isotope signatures.
For instance, the carbon isotope compositions of blue crab populations of the Delaware Bay (δ 13 C = −16.5 ‰) were significantly different from crabs in the adjacent Great Marsh (δ 13 C = −15.1 ‰) (Fantle et al., 1999) . Freshwater shrimp Paratya australiensis sampled from benthic cyanobacterial (Aphanothece) accumulations assimilated the cyanobacteria and had δ 13 C values 2.2 ‰ higher than that of shrimp from control habitats (Piola et al., 2008) . In Schohsee Chironomus anthracinus larvae from 15 m (δ 13 C −32.7 ‰, δ 15 N 5.0 ‰) were significantly depleted in both 13 C and 15 N relative to those from 10 m (δ 13 C −27.9 ‰, δ 15 N 7.0 ‰).
As to δ 15 N signatures, they also often can differ in diverse habitats apart from the trophic fractionation, described in the previous capter. 
Environmental factors affecting values of isotope ratios
The above differences in the isotopic ratios between organisms and habitats are evidently caused by mechanisms of fractionation, partly mentioned above. Here we will try to summarize the environmental factors, which triggered the mechanisms and caused peculiarities of the isotope signatures in diverse ecosystems.
Primary productivity is a fundamental factor affecting aqueous inorganic C dynamics and isotope fractionation of organic matter (Canuel et al., 1995; Finlay et al., 1999; Finlay, 2001; Pel et al., 2003; Gu et al., 2006; Borderelle et al., 2008) . There is an inverse relationship between the growth rate of algae and the extent of discrimination against 13 CO 2 in photosynthesis (Pel et al., 2003) . Limited CO 2 supply relative to photosynthetic demand (i.e., carbon limitation) increases algal δ 13 C through reduced discrimination against 13 C when the entire pool of available CO 2 is used (Canuel et al., 1995; Finlay, 2001 ). Effects of carbon limitation result in enriched algal δ 13 C (Finlay et al., 1999) . For instance, in the San Francisco Bay estuary δ 13 C of the seston (POM) was generally in the range of −24 to −27 ‰ except during spring phytoplankton (diatom) bloom, when the seston δ 13 C values were significantly enriched, from −17 to −19 ‰ (Canuel et al., 1995) . In general, the high δ 13 C of seston was accompanied by high water temperature, high phytoplankton biovolume, high pH, and low DIC concentration. In contrast, sestonic δ 15 N was not correlated with any above ambient variables (Gu et al., 2006 ).
Stable-carbon-isotope-ratios of benthic algae in lotic ecosystems also depend on CO 2 availability determined by current velocity (Finlay, 2001 ). The maximum carbon isotope fractionation by benthic algae occurred in stream habitats where CO 2 supply rate (i.e., current velocity) was highest. Water stagnation could enrich algal δ 13 C through both boundary layer effects and low CO 2 concentrations caused by warm water temperatures. In contrast to productive rivers, current velocity did not affect algal δ 13 C in the unproductive tributary streams, suggesting that CO 2 availability relative to rates of primary production determines current velocity effects on algal carbon isotope ratios (Finlay et al., 1999) .
Unlike algae, which show less isotope fractionation during periods of high growth, consumers, e.g., juvenile crabs, which grew faster on a high-quality diet (zooplankton), did not significantly fractionate dietary carbon and nitrogen, while the juveniles which grew at the slowest rate on a low-quality food (detritus), significantly fractionated carbon and nitrogen isotopes, relative to diet (Fantle et al., 1999 Thus, a slowly growing crab fractionates nitrogen isotopes to a greater extent than a rapidly growing crab (Fantle et al., 1999) . Vanderklift and Ponsard (2003) reported that values of ∆δ 15 N significantly increase with increase of C:N ratio of the food source. In a laboratory experiment with
Chironomus riparius experiment N-fractionation was also inversely related to the N-content of the food (Goedkoop et al., 2006) . Enrichment in δ 13 C of Cyclops juveniles increased with their body mass (Ventura and Catalan, 2008) .
Phytoplankton may either be enriched or depleted in 15 N depending on which form of nitrogen is used (Gu, 2009 (Syväranta et al., 2008; Gu, 2009 ).
For instance, in Lake Jyväsjärvi dissolved in October (Syväranta et al., 2008) . All the variations in isotopic signatures may confound interpretation of data and, thereby, limit the usage of the stable isotope method for tracing of trophic webs and studying trophic structure.
Limitations of the stable isotope method
As reported above, the tracing of flows of organic matter in trophic webs is based on the low average enrichment for consumers, ∆δ 13 C < 1 ‰, while the measuring of trophic position suggests the high and constant average ∆δ 15 N ≈ 3.4 ‰.
Although many field studies supported these average enrichments (e.g., Fry, 1988; Keough et al., 1996; Vander Zanden and Rasmussen, 2001; Finlay, 2004; Ramirez et al., 2009) , there were many exceptions.
Results of the laboratory growth studies indicated that the fractionation of isotopes by consumers were not constant but depended on diet quality (Fantle et al., 1999; Goedkoop et al., 2006) . Ventura and Catalan (2008) Another potential source of error in the isotope data interpretation is the time-lag before the δ 15 N or δ 13 C of consumer's tissues have equilibrated following introduction to a new diet (Vanderklift and Ponsard, 2003) . Evidently, time of the equilibration depends on size of organisms and their type of metabolism. For instance, peak 13 C was measured in zooplankton at 5 d after the addition of 13 C-DIC in the lake (Cole et al., 2002) . In contrast, for comparatively large zoobenthic insect larvae and young-of-theyear grayling it took three-six weeks to achieve isotopic equilibration with their food (Peterson et al., 1993) . Moreover, other authors found out that in a forest stream only mayfly Stenonema was at isotopic equilibrium with respect to epilithon by the end of the 42-d 15 N tracer addition experiment, but other zoobenthos taxa (Mulholland et al., 2000) . Isotopic signatures of adult pike likely reflected diets integrated over the past year or so (Beaudoin et al., 1999) . Time of the equilibration also differ between tissues.
Hobson ( One of the limitations of stable isotope analysis may be a lack of standard protocols.
Inconsistencies include the type of tissue used for analysis, allowance for zooplankton gut clearance, sample acidification, and the need to extract lipids from zooplankton and fish tissue before stable isotope analysis (Smyntek et al., 2007) . The cited authors emphasized, that future studies of fish diet using stable carbon isotope analysis of zooplankton and fish muscle tissue must address differences in lipid content between these two distinct types of samples. They supposed, that this can be achieved by extracting lipids from samples before analysis or by using a mass balance correction model to determine δ 13 C ex (lipid-extracted δ 13 C values) of zooplankton and fish samples: substrates (Fry and Ewel, 2003) . Moreover, algal and detrital δ 13 C may overlap and thereby complicate food-web analyses (Finlay et al., 1999) . For instance, carbon isotope ratios in peat (δ 13 C = −27.1 ‰), in terrestrial plants (−26.0 to −27.3 ‰), and in epilithon (−27.2 %) collected in a tundra river ecosystem were not sufficiently distinctive to provide a useful tracer of carbon flow (Peterson et al., 1993) . Also the strong influence of large fatty acid reserves in some zooplankton, particularly copepods, may often bias δ 13 C values and mask their true relation with phytoplankton food sources (Smyntek et al., 2007) . The above limitations of the isotope analysis of bulk carbon can be improved using recently developed compound-specific isotope analysis.
Compound-specific isotope analysis
Compound-specific isotope analysis (CSIA) has proved useful in a variety of geological and biological studies (Fantle et al., 1999) . Commercial instruments for CSIA are nowadays hyphenated mostly to gas chromatography. Although this step has been thoroughly investigated, it implies two major drawbacks: extraneous carbon is introduced in the compound, which causes a shift of the isotopic composition and has to be corrected for in later calculations, and the derivatization reaction is usually characterized by a kinetic isotope fractionation (Schmidt et al., 2004) .
For fatty acids (FA), which are converted to fatty acid methyl esters (FAME), the necessary corrections can be as follows. The δ 13 C value of the methanol derivatization reagent (CH 3 OH)
is determined by conventional closed tube combustion, and the contribution of derivatized carbon to the biomarker fatty acids is calculated by using the following equation:
where δ 13 C FA is the isotopic composition of the free fatty acids, δ 13 C FAME is the isotopic composition of the fatty acid methyl ester, x is the fractional carbon contribution of the free fatty acid to the ester and δ 13 C CH3OH is the isotopic composition of the methanol derivatization reagent (Pond et al., 2006) . Thus, stable carbon isotope ratios for individual FA is calculated from FAME data by correcting for the one carbon atom in the methyl group that is added during derivatization (Boschker et al., 2005) .
Another way to correct for the contribution from the extra methanol C and determine any kinetic isotope effects is a transesterification of free fatty acid (FFA) standards with the same reagents (Budge et al., 2008) . Prior to transesterification, δ 13 C values for FFA standards are determined using an elemental analyzer attached to IRMS.
Then an average correction to apply to FAME data can be calculated as the difference between the δ 13 C values of the corresponding FFA and FAME (Budge et al., 2008) .
CSIA revealed many differences in isotopic signatures of individual compounds. For instance, in experimentally cultured crabs and their diets, the essential amino acids, such as valine, leucine, and phenylalanine had the lowest δ 13 C values, whereas non-essential amino acids had the highest ones (Fantle et al., 1999) . As the cited authors have remarked, essential amino acids, which cannot be synthesized from a simple glucose skeleton by an organism, are derived directly from the diet and, therefore, undergo few reactions capable of isotope fractionation. Non-essential amino acids enter the tricarboxylic cycle and are, therefore, a subject of many enzyme-catalyzed reactions capable of isotope fractionation (Fantle et al., 1999) .
On the basis of CSIA differences between FA isotopic signatures of autotrophs and heterotrophs important for the food webs tracing was found.
In algae (−18.3 ± 2.0 ‰) were also higher than in phytoplankton (−26.9 ± 0.7 ‰) (Budge et al., 2008) . Thus, the combination of FA and isotope analyses can be important in clarifying trophic relationships in the local food web that might have been overlooked otherwise (Boschker et al., 2005; Budge et al., 2008; Van den Meersche et al., 2009) .
Novel conceptions
Recent food-web studies with stable isotope analyses have modified our assumptions about the sources of energy to food webs (Keough et al., 1996) . First of all, despite predictions of the river continuum concept that small forested streams should depend mainly on allochthonous energy, patterns in consumer's δ 13 C ratio suggested the importance of autochthonous algal production to stream food webs regardless of shading conditions (Finlay, 2001; Lau et al., 2009 ). Thus, SIA indicated that algal carbon contributions to river food webs could be substantially underestimated in many cases (Finlay et al., 1999) . The isotope study Thus, the zooplankton and, by extension, the fish that prey on them were components of a food web that was not very dependent on the vast amount of allochthonous C loading to the lake (Cole et al., 2002) . Other authors also reported, that in oligotrophic (net heterotrophic) lakes (i.e., community R>GPP) there are large losses of allochthonous organic carbon in bacterial respiration, and low transfer (0.7-2.9 % of bacterial metabolized allochthonous C) to higher trophic levels, zooplankton (Karlsson, 2007) .
Nevertheless, in some oligotrophic lake terrestrial particulate organic carbon was important C source for zooplankton and prey items of terrestrial origin were a significant component for fish (Cole et al., 2006) .
In wetlands SIA has indicated that in spite of the large amount of biomass represented as vascular plants, carbon isotope signatures for animals are frequently consistent with an algalbased food web (Keough et al., 1996) . Also in a shallow macrophyte-dominated Chany Lake the δ 13 C values of zooplankton and most benthic invertebrates (except for Gammarus lacustris)
were similar to those of microalgae (POM and epiphytes), suggesting that the consumers primarily depended on these carbon sources rather than on macrophytes and riparian vegetation (Kanaya et al., 2009 ). In mangrove forests early studies, based on gut content analyses, indicated a strong food web linkage between decaying mangrove leaves and coastal fisheries, but isotopic studies showed no evidence for assimilation of this material, apparently because the detritus was too refractory. In isotopic studies a dominant food web role for benthic algae rather than for macrophyte detritus has been documented (Fry and Ewel, 2003) .
As mentioned above, the common method for study of diet, gut content analyses, often failed to provide true results, because this technique cannot differentiate between materials that are digested and assimilated and those that pass through the alimentary system intact (Lancaster et al., 2005) . Thereby, stable isotope analyses, which measured assimilated diet, improved ideas concerning feeding spectra of many species.
For instance, the trichopteran Lepidostoma sp., although considered to be primarily a shredder of terrestrial detritus (i.e., leaves or woody debris), had δ 13 C that were more similar to pool algae than to terrestrial detritus (Finlay et al., 1999) .
Northern pike Esox lucius, >85 mm length, are often considered to be specialist piscivores, but δ 15 N signatures of pike ranged over 5-6 ‰, indicating considerable individual variation that spanned approximately two trophic levels (Beaudoin et al., 1999) . Values of δ 15 N indicated that at least some carnivorous Plecoptera and Trichoptera assimilated algae (Lancaster et al., 2005) . Moreover, consumer isotope signatures integrate prey isotope signatures over relatively long periods of time (weeks to years depending on body size and growth rate), offering distinct advantages over gut-content analysis (Beaudoin et al., 1999; Finlay, 2001) . The stable isotope analyses also gave strong evidence on selective feeding of organisms, which were commonly regarded simply as detritivores, such as blue crab Callinectes sapidus (Fantle et al., 1999) ,
Chironomus riparius larvae (Akerblom and Goedkoop, 2003 ) and Unionid mussels Anodonta and Unio (Vuorio et al., 2007) . In St. Lawrence
River estuary a pronounced δ 13 C offset between zooplankton and seston was an evidence both of strong selectivity by the consumers for prey items that constitute only a minor fraction of the total seston and of weak trophic coupling between consumers and the bulk particulate organic matter (Barnard et al., 2006) .
Together with indication of the selective feeding, it is possible to use isotopic ratios to quantitatively determine the proportional contribution of several sources to a diet. Phillips and Gregg (2003) suggested a following approach.
In general, the proportional contributions of n+1 different sources can be uniquely determined by the use of n different isotope system tracers (e.g., should report the distribution of feasible solutions rather than focusing on a single value such as the mean (Phillips and Gregg, 2003) .
Besides general (ecosystem) concepts, ecological traits of some species were specified on the basis of stable isotope analyses. Using the δ 13 C-based isotope mixing model, described above, Kanaya et al. (2009) reliance on prey derived from local pool primary production and not on production imported from faster flowing habitats (Finlay et al., 1999) .
In coastal lakes in British Columbia although
Daphnia and calanoid copepods both were omnivores, the calanoids were an average of 0.74 trophic levels higher than Daphnia (Matthews and Mazumder, 2003) . In St. Lawrence River estuary, free bacteria had very similar δ 13 C to that of dissolved organic carbon, whereas the δ 13 C of 
Conclusion
Thus, stable isotopes are becoming a standard analytical tool in food web ecology.
Careful use must be made of this tool, however. In particular, 13 C/ 12 C and 15 N/ 14 N ratios appear to be most useful for identifying trophic relationships.
Ratios of some other isotopes, such as sulfur δ 34 S, in general cannot be used for the tracing of trophic webs, because they don't have distinct patterns of distribution between organisms of different trophic levels (Fry, 1988) . Nevertheless, δD (δ 2 H/ 1 H) may prove a powerful complement to those based on δ 13 C for distinguishing allochthonous and autochthonous sources of energy for higher trophic levels in aquatic ecosystems. For instance, in streams in the southwestern United States tissue δD for allochthonous primary producers ranged from −125 to −162 ‰, whereas δD of autochthonous primary producers was far lower, ranging from −214 to −292 ‰ (Doucett et al., 2007) . Following development of stable technique and careful taking into account limitations of this method will provide substantial progress of our knowledge in environmental sciences.
